Background: Neuregulin 4 (Nrg4) is a secreted adipokine recently identified as playing an important role in modulating systemic energy metabolism and the development of obesity-associated disorders. However, information is not available regarding the association between circulating Nrg4 and risk of metabolic syndrome (MetS) in humans.
Background
Metabolic syndrome (MetS) represents a cluster of multiple interrelated metabolic disorders, including obesity, insulin resistance, dyslipidaemia, hypertension, and hyperglycaemia [1, 2] . MetS has gained importance because of its close association with type 2 diabetes and cardiovascular disease [3, 4] . It has been well documented that excess adiposity is strongly associated with the development of MetS in the general population [5, 6] . Moreover, obesity-associated insulin resistance and lowgrade inflammation may largely account for the development of MetS [3, 7] . Previous research has indicated that several cytokines secreted by adipocytes, including resistin, leptin and adiponectin, have pro-and anti-inflammatory properties and are associated with incidence of type 2 diabetes, MetS, and cardiovascular disease [8] [9] [10] .
Neuregulin 4 (Nrg4) is a secreted adipokine recently identified as playing an important role in modulating systemic energy metabolism and in the development of metabolic disorders in rodent and human obesity, including type 2 diabetes and non-alcoholic fatty liver disease (NAFLD) [11] . As a brown fat-enriched endocrine factor, Nrg4 attenuates hepatic lipogenic signaling and preserves glucose and lipid homeostasis in obesity [12] . However, the relationship between circulating Nrg4 and metabolic disorder in human subjects remains largely unclear. To our knowledge, only one case-control study has tested circulating Nrg4 levels in 87 NAFLD subjects versus 87 non-NAFLD controls, and reported that circulating Nrg4 levels were decreased in NAFLD subjects [13] . Information is not available regarding the association between circulating Nrg4 and risk of MetS in humans. Accordingly, in the current study, we aimed to explore the association between circulating Nrg4 and risk of MetS in obese Chinese adults.
Methods

Study participants
Obese adults aged 40 years or older from the Lianqian community, Xiamen, China, were screened with physical examination from April 2011 to December 2013. The details of the study design and methods have been previously reported [14] . A total of 1212 adult obese subjects with a waist circumference greater than 90 cm for men or 80 cm for women were included in the analysis. Of them, 485 participants were randomly selected to further receive magnetic resonance spectroscopy for the measurement of hepatic fat content. All subjects completed a physical examination and a standard questionnaire including social-demographic status, lifestyle habits (i.e. smoking status, alcohol consumption and physical activity using the International Physical Activity Questionnaire), and medical history. Individuals were excluded if they had cancer, current treatment with systemic corticosteroids, biliary obstructive diseases, acute or chronic virus hepatitis, drug-induced liver diseases, total parenteral nutrition, autoimmune hepatitis, Wilson's disease, or known hyperor hypothyroidism.
All subjects provided written informed consent. The study protocol was approved by the Institutional Review Board of the First Affiliated Hospital of Xiamen University. The methods were carried out in accordance with the approved guidelines.
Clinical and biochemical measurements
Body weight was measured by using a spring scale, with participants wearing light clothing without shoes. Height was measured by using a vertical ruler. Body mass index (BMI, weight in kilograms divided by the square of the height in meters) was used as a measure of adiposity. Overweight (including obesity) was defined as BMI of 24 or higher, using the Working Group on Obesity in China criteria [15] . Waist circumference was measured at the level of the umbilicus. Three measurements were obtained with a non-stretchable tape, and the mean value was used for analysis. Blood pressure (BP) was assessed in triplicate using an electronic sphygmomanometer (OMRON Company). The mean values of the three readings were used for analysis. Body fat mass was quantified using the HOLOGIC whole body DXA system (Hologic Inc., Bedford, MA). Intrahepatic triglyceride content was measured by magnetic resonance spectroscopy ( 1 H-MRS; Avanto 3.0-T, Siemens AG, Erlangen, Germany) as described previously [16, 17] . Predicted resting energy expenditure was determined using the Harris-Benedict equation [18] .
Subjects were instructed to fast for 12 hours before screening. A 75-g oral glucose tolerance tests and blood biochemical measurements were conducted for each subject. Triglycerides, total cholesterol and high-density lipoprotein cholesterol (HDL-c) were measured by enzymatic colorimetric methods with an automatic multichannel chemical analyzer (Hitachi 7450, Tokyo, Japan). Low-density lipoprotein cholesterol (LDL-c) was calculated using Friedewald's formula. Serum alanine aminotransferase and aspartate aminotransferase were measured by standard enzymatic methods. Serum gamma-glutamyltransferase was measured by the Szasz-Persijn method. Fasting plasma glucose concentrations and 2-h glucose concentrations were measured using the glucose oxidase method. Serum insulin concentrations were measured using an electrochemiluminescence immunoassay (Roche Elecsys Insulin Test, Roche Diagnostics, Mannheim, Germany). Insulin resistance status was assessed using the homeostasis model assessment of insulin resistance (HOMA) according to the following formula: fasting serum insulin (μU/mL) × fasting plasma glucose (mmol/L)/22.5.
Definition of metabolic syndrome (MetS)
MetS was defined according to International Diabetes Federation diagnostic criteria [19] , which included abdominal obesity (waist circumference ≥ 90 cm for Chinese men or ≥ 80 cm for Chinese women), plus two or more of the following: (1) reduced HDL-c (<1.03 mmol/L for men or < 1.29 mmol/L for women, or specific treatment for this lipid abnormality), (2) raised triglyceride level (≥ 1.7 mmol/L, or specific treatment for this lipid abnormality), (3) raised BP (≥ 130/85 mmHg or treatment of previously diagnosed hypertension), or (4) raised fasting plasma glucose (≥ 5.6 mmol/L or previously diagnosed type 2 diabetes).
Serum Nrg4 measurement
Serum Nrg4 concentrations were measured using an enzyme-linked immunosorbent assay (ELISA) kits (Aviscera Biosciences, Santa Clara, CA). The assay has been shown to be highly sensitive to human Nrg4 with a sensitivity of 0.25 ng/mL. The linear range of the standard was 0.5-32.0 ng/mL, and the intra-and inter-assay variations were both less than 10 %.
Statistical analysis
Data are presented as means ± standard deviation (SD) or means ± standard error (SEM) or median (interquartile range) for continuous variables or number and percentage for categorical variables. Serum Nrg4, triglycerides and HOMA-IR were log-transformed to improved normality before analytical comparisons. The subjects were classified into two groups according to metabolic status or four quartiles according to serum Nrg4 levels (Quartile 1: < 2.46 ng/mL, Quartile 2: 2.47-3.34 ng/mL, Quartile 3: 3.35-4.73 ng/mL, and Quartile 4: ≥ 4.74 ng/mL).
A χ 2 test or logistic regression models were used to examine differences in categorical variables in different study groups. Analyses of covariance were performed using general linear models to test differences in study variables between different groups. In addition, we also performed sensitivity analyses stratified by gender or tertiles of serum Nrg4 levels. The correlation of serum Nrg4 levels with metabolic risk factors was analyzed by Pearson correlation coefficients. Multivariable logistic regression models were used to examine the association of serum Nrg4 levels with risks of MetS and components of MetS, adjusted for age, gender, smoking, alcohol consumption, physical activity, BMI, systolic BP, glucose, triglyceride, HDL-c, HOMA-IR, and body fat mass. Two-sided values of P < 0.05 were considered statistically significant. All statistical analyses were performed with SAS version 9.3 (SAS Institute, Cary, NC). Table 1 summarizes the mean levels of study variables by subtypes of obese subjects. The mean age of the subjects was 53.3 ± 7.3 years. Within the sample, 41.2 % (781/1212) of subjects had MetS. Compared with nonMetS subjects, MetS subjects had an unfavourable metabolic profile, including higher levels of BMI, fasting plasma glucose, postprandial glucose, systolic BP, diastolic BP, triglycerides, total cholesterol, body fat mass, and HOMA-IR, and lower levels of HDL-c. There was no difference in LDL-c between the two groups. Of interest, MetS subjects had lower serum Nrg4 levels than non-MetS subjects (3.24 (2.40-4.52) ng/mL vs. 3.55 (2.60-5.29) ng/mL, P < 0.01).
Results
As shown in Fig. 1 , serum Nrg4 levels were significantly reduced in subjects with raised fasting glucose (3.21 (2.38-4.58) vs. 3.53 (2.60-5.05), P < 0.001), raised BP (3.24 (2.37-4.59) vs. 3.49 (2.60-5.05), P < 0.05), or presence of MetS (3.24 (2.40-4.52) vs. 3.68 (2.62-5.53), P < 0.001) compared to their controls, adjusted for age, gender and BMI. However, there was no significant difference in serum Nrg4 levels according to overweight/ obesity (BMI ≥ 24) and lipid profiles (including raised triglycerides and reduced HDL-c). Table 2 presents the clinical characteristic by quartiles of serum Nrg4 levels, adjusted for age and gender. Gender and smoking status were significantly different between quartiles of serum Nrg4 levels. Diastolic BP, total cholesterol, triglyceride, LDL-c, HDL-c, postprandial glucose, and HOMA-IR showed no significant differences among the four quartiles of serum Nrg4 levels, adjusted for age and gender. In addition, resting energy expenditure showed no significant difference among the four groups, adjusted for age and gender. Compared to subjects in the lowest quartile of serum Nrg4 levels, those in the highest quartile had significantly lower levels of BMI, waist circumference, and body fat mass (P < 0.05). Fasting glucose was reduced gradually with the increase of serum Nrg4 (P < 0.01). Of note, the prevalence of MetS was significantly higher in subjects with lower levels of serum Nrg4 than those with higher values (67.3 % vs. 57.4 %, P < 0.05). With respect to b Serum Nrg4 levels by presence of raised fasting glucose. c Serum Nrg4 levels by presence of raised blood pressure. d Serum Nrg4 levels by presence of raised triglycerides or reduced HDL-cholesterol. e Serum Nrg4 levels by presence of overweight/obesity; *P < 0.05; **P < 0.01; BMI, body mass index individual components of MetS, prevalence of raised fasting glucose and blood pressure was significantly higher in participants with lower levels of serum Nrg4 than those with higher values; however, prevalence of raised triglycerides and reduced HDL-cholesterol showed no significant difference across quartiles of serum Nrg4 levels.
Clinical characteristic by gender and tertiles of serum Nrg4 levels was substantially similar to those shown in Table 2 (Additional file 1: Table S1 ). Male subjects had lower levels of serum Nrg4 than female subjects, adjusted for age, current smoking, alcohol consumption and physical activity (3.00 (2.12-4.01) ng/mL vs. 3.52 (2.62-5.07) ng/mL, P < 0.01). Compared to female subjects in the first tertile of serum Nrg4 levels, those in the third tertile had significantly lower levels of systolic BP, waist circumference, fasting glucose and postprandial glucose (P < 0.05). Both male and female subjects with lower levels of serum Nrg4 had higher prevalence of MetS than those with higher values (both P < 0.05). Additionally, there was no significant difference in serum Nrg4 levels according to smoking status (Additional file 1: Table S2 ).
Intrahepatic triglyceride content and liver enzymes were assessed by quartiles of serum Nrg4 levels in 485 obese adults (Additional file 2: Figure S1 ). Intrahepatic triglyceride content was reduced gradually with the increase in serum Nrg4 levels (15.5 ± 10.8 % in quartile 1, 14.9 ± 10.7 % in quartile 2, 12.9 ± 9.2 % in quartile 3, 12.0 ± 9.0 % in quartile 4, P < 0.05 for trend). Serum alanine aminotransferase, aspartate aminotransferase and gamma-glutamyltransferase showed no significant differences among the four quartiles of serum Nrg4 levels (all P > 0.05). Data are presented as the mean ± SD or median (interquartile range) *Adjusted for age and gender **P < 0.05 compared with Q1 of serum Nrg4 ***P < 0.01 compared with Q1 of serum Nrg4 Nrg4 Neuregulin 4, BMI body mass index, BP blood pressure, HOMA-IR homeostasis model assessment of insulin resistance
As shown in Table 3 , serum Nrg4 levels were significantly correlated with BMI, waist circumference, LDL-c, fasting glucose and body fat mass, adjusting for age, gender, smoking, alcohol consumption and physical activity.
The multivariable-adjusted odds ratios (ORs) for the association between serum Nrg4 levels and components of MetS are shown in Table 4 . After adjustment for age, gender, current smoking, alcohol consumption and physical activity, increased serum Nrg4 was significantly associated with reduced risk of raised fasting glucose and prevalence of MetS (OR: 0.809; 95 % CI, 0.657-0.997 and 0.769; 0.621-0.952, respectively); however, serum Nrg4 was not significantly associated with risks of raised blood pressure (P = 0.057), raised triglycerides (P = 0.899) or reduced HDL-cholesterol (P = 0.991). Furthermore, increased serum Nrg4 was significantly associated with reduced risk of MetS (OR: 0.615; 95 % CI, 0.450-0.841; P = 0.002), even after adjusting for age, gender, current smoking, alcohol consumption, physical activity, BMI, systolic BP, fasting glucose, triglycerides and HDL-c; however, such associations of serum Nrg4 were not noted for each component of MetS. After further adjustment for HOMA-IR and body fat mass, the relationship between serum Nrg4 and MetS remained significant (OR: 0.603; 95 % CI, 0.439-0.828; P = 0.002).
Discussion
Nrg4 is a brown fat-enriched endocrine factor recently been shown to improve obesity-associated disorders, including type 2 diabetes and NAFLD [12, 20] . In the present study, we provide, for the first time, evidence that circulating Nrg4 concentrations are significantly reduced in subjects with MetS as well as those with particular components. Furthermore, lower circulating Nrg4 concentrations were independently associated with increased risk of MetS in obese Chinese adults. These findings indicate that circulating Nrg4 could be a protective factor in the pathogenesis of MetS. Brown adipose tissue activates uncoupled respiration in response to cold temperature and contributes to systemic metabolic homeostasis [21] [22] [23] . It has been established that brown adipose tissue is metabolically active in adult humans and correlated with body composition and energy metabolism [24] [25] [26] . Activation of brown adipose tissue increases energy expenditure and leads to reduced adiposity, which has provided new insight into the prevention of obesity and MetS [11, 27, 28] . Wang et al. [12] reported that the brown fat-enriched secreted factor Nrg4 attenuated hepatic lipogenic signaling and preserved glucose and lipid homeostasis in obesity. Unfortunately, information regarding the association of circulating Nrg4 with hepatic fat content and energy expenditure in humans is limited. Our data demonstrated that circulating Nrg4 was not significantly associated with Table 3 Clinical correlates of serum neuregulin 4 (Nrg4) levels with metabolic risk factors [12] . A case-control study also reported that circulating Nrg4 was significantly decreased in 87 NAFLD subjects versus 87 non-NAFLD controls [13] . In the present study, we provided new clinical evidence revealing that serum Nrg4 levels were inversely associated with hepatic fat content in obese adults (Additional file 2: Figure S1 ). These data suggest that Nrg4 appears to be involved in crosstalk between brown fat tissue and obesity-associated disorders, including NAFLD and MetS. However, the potential roles of circulating Nrg4 in contributing to obesity-associated disorders and the associations of circulating Nrg4 with metabolic risk factors and MetS remain to be elucidated in population-based studies. Previous studies have indicated that adipose tissue Nrg4 expression was reduced in obesity and negatively correlated with body fat mass in humans [12, 29] , but the association of circulating Nrg4 with body fat mass has been not yet studied. Our findings indicate that circulating Nrg4 is negatively correlated with body fat mass in obese adults. In contrast, Dai et al. [13] reported that circulating Nrg4 was not significantly associated with BMI in a case-control study of 87 NAFLD subjects versus 87 non-NAFLD controls. In the present study, with a sample size of more than 1000 obese adults, we found that circulating Nrg4 was negatively associated with waist circumference and BMI. Therefore, these data indicate that Nrg4 insufficiency may be a common feature of obesity in the general population.
Excess adiposity is associated with MetS as well as metabolic risk factors, i.e. hyperglycaemia, elevated BP and dyslipidaemia [8, 30, 31] . Nrg4 has been identified as being involved in crosstalk between brown fat tissue and obesity-associated disorders [32] . However, limited evidence is available regarding whether circulating Nrg4 is involved in the development of MetS in adults. Dai et al. [13] did not find a significant association of circulating Nrg4 with fasting glucose in 174 NAFLD and non-NAFLD subjects. Kang et al. [33] reported that circulating Nrg4 levels were significantly higher in 57 patients with diabetes mellitus compared with 59 controls without diabetes and were correlated with the serum glucose level and insulin resistance. It should be noted that limited evidence is based on case-control study designs, and sample sizes of all of the studies above are quite small (less than 200 subjects). In contrast, our data demonstrate that circulating Nrg4 is significantly decreased in individuals with hyperglycaemia compared to their controls and inversely associated with fasting glucose in more than 1000 obese adults. These findings suggest that low circulating Nrg4 is associated with increased risk of diabetes. Prospective cohort studies are needed to confirm this finding and elucidate the potential underlying mechanisms. In addition, our data indicates that circulating Nrg4 is significantly decreased in individuals with elevated blood pressure, whereas there is no significant difference in circulating Nrg4 levels in individuals with raised triglycerides or reduced HDL-c compared to controls.
Interestingly, our data demonstrates that circulating Nrg4 was significantly decreased in individuals with MetS compared to controls and independently associated with risk of MetS. To date, this is the first population-based study to evaluate the association of circulating Nrg4 and MetS. The findings indicate that each SD increase in circulating Nrg4 levels (log-transformed) is associated with a 38.5 % decrease in the risk of MetS. Nrg4 is expressed in adipocytes, the deficiency of which exacerbates diet-induced insulin resistance and obesity in animal models [12, 29] . However, adjustment for insulin resistance and body fat mass did not attenuate the association of circulating Nrg4 with risk of MetS in the current study. These findings indicate that low circulating Nrg4 appears to add to the risk of MetS independently of obesity and insulin resistance. Indeed, our findings show that circulating Nrg4 is significantly associated with fatty liver, which may play a role in the development of MetS [34] . However, the effect of Nrg4 in the development of MetS needs to be further studied in vivo and in vitro. As a novel endocrine factor, circulating Nrg4 may activate the receptor kinases ErbB3 and ErbB4 and coordinate glucose and lipid homeostasis in obesity [12, 35] . Therefore, Nrg4 may play a potential role in therapeutic developments for MetS.
This community-based, cross-sectional study provided an opportunity to determine the role of circulating Nrg4 in predicting the development of MetS. Nevertheless, there are several limitations to the current study. First, the study was based on cross-sectional data with a relatively limited sample size, and the population consisted of only obese adults. Therefore, further studies are warranted to determine the role of circulating Nrg4 in the development of MetS in the general population. Second, given its cross-sectional design, it is not possible to determine a causal relationship between circulating Nrg4 and the development of MetS. Therefore, the causal association between circulating Nrg4 and MetS should be further evaluated in prospective cohort studies with larger sample sizes and long follow-up periods.
Conclusions
Our study provides, for the first time, clinical evidence revealing that circulating Nrg4 concentrations are inversely associated with risk of MetS in obese Chinese adults. These findings suggests that circulating Nrg4 concentrations may be a protective factor in the development of MetS and underscore the importance of Nrg4 as a potential therapeutic target for MetS.
